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INTRODUCTION

The Yukon River flows over 2,000 miles from its headwaters in British Columbia,
through the central interior of Alaska, to its mouth on the Bering Sea coast in western
Alaska (Figure 1). All five species of Pacific salmon (Oncorhynchus spp.) occur in the
Yukon River. Commercial fisheries are distributed throughout the mainstem Yukon
River and in the lower portions of the Anvik and Tanana Rivers, while subsistence
fisheries are distributed throughout the drainage. Commercial fisheries within the
Yukon River target both chinook (O. tshawytscha) and chum (O. keta) salmon. The
United States of America and Canada have been engaged in treaty negotiations
regarding the management and conservation of transboundary Yukon River chinook
and chum salmon stocks. Bergstrom et al. (1997) provides a detailed overview of the
fisheries and salmon stocks of the Yukon River. Chinook salmon harvests have
historically been the most economically valuable for commercial fishermen (Buklis, in
press).

The Alaska Department of Fish and Game (Department) began to investigate the use of
scale circuli distance measurements for stock identification of Yukon River chinook
salmon in 1980 (McBride and Marshall, 1983). The investigations indicated stock
identification was feasible on a broad geographic scale, and a stock identification
program was developed to annually estimate the stock composition of chinook salmon
harvests throughout the Yukon River drainage. Schneiderhan (1997) describes the
development of the program and summarizes methods used from program inception
through 199%.

The primary component of the stock identification program has been the classification
ot individual fish sampled from harvests to stock of origin (Schneiderhan, 1997). Stock
groups are defined based on the geographic location of spawning streams. Three
geographic regions, two in Alaska (Lower and Middle} and one in Canada (Upper),
have been defined in most years. Stock standards used to characterize each stock group
are obtained by sampling fish from within each geographic region. Sampled fish are
aged, and distances between scale circuli are measured using digitizing equipment
similar to the system described by Ryan and Christie (1976). These data are used to
develop age-specific classification rules based on linear discriminant analysis (Hand,
1997) of important scale measurement variables. In most years, models were developed
for the relatively abundant 1.3 and 1.4 age classes (European notation), with sample
sizes usually being insufficient to develop classification rules for other age classes.
Classification error rates are estimated by applying the classification rules to the stock
standards, whose true stock identity is known, using a leave-one-out approach
(Lachenbruch and Mickey, 1968). The stock composition of a fishery harvest is
estimated by classifying fish sampled from the harvest to a stock of origin. The
proportions classified to each of the stock groups are then adjusted according to



classification error rates using a procedure similar to that of Cook and Lord (1978), with
estimates constrained to be non-negative and sum to unity (Hoenig and Heisey, 1987).

While the stock identification program has performed satisfactorily, in the spring of
1998 the Department decided to examine the program to determine if improvements
could be made in the data analysis procedure. The data analysis procedure consists of a
number of sequential steps, with manual manipulation of results between steps, and
requires subjective decision making at several junctures. One of the primary
motivations for the examination was to improve the efficiency of the analysis
procedure, and reduce the need for subjective input. A second motivation was the
importance of the Yukon River chinook salmon resource. Given their value in both
commercial and non-commercial fisheries, and that stocks of Canadian origin continue
to be a focal point in ongoing treaty negotiations, the Department wished to improve
the statistical quality of the stock composition estimates to the extent feasible.

The central component of the stock identification program is the classification estimator
that has been emploved since the program’s inception. When multiple estimates of a
stock composition have been available, the classification estimator has generally
produced estimates that are comparable to estimates obtained with other methods (JTC,
1997). However, the classification estimator does have some characteristics that are, at
least conceptually, undesirable. The estimator is indirect in that the stock identity of
individual fish, which are not of interest in themselves, must first be estimated. A
related characteristic is that the estimator does not fully utilize information obtained in
cither a mixed-stock fishery sample or stock standard samples, which is inefficient and
wasteful of information. Each sampled fish is assigned to the stock group for which its
probability of membership is largest, and that assignment is the only information
retained in the estimation process. No information about the absolute magnitude of
membership probabilities across stocks for a given fish, or between fish, is utilized. An
additional undesirable characteristic of the estimates produced by this method is that
they are not continuous, but can vary only in steps of the inverse of the sample size,
although the Cook and Lord adjustment partially masks this effect.

One potential alternative to the classification estimator is a maximum likelihood
estimator (Stuart and Ord, 1991) based on a mixture model. A maximum likelihood
estimator may share many of the underlying assumptions of the classification estimator,
while largely avoiding the undesirable characteristics mentioned above. The absolute
magnitudes of the stock membership probabilities are used directly in the likelihood
function. The proportions of a harvest consisting of fish from each of the stock groups
are parameters of the likelihood function, and estimates are thus obtained directly with
no need to classify individual fish. In addition, estimates vary continuously over the
interval (0.0, 1.0). One potential disadvantage of the maximum likelihood estirnator is
that it may be more sensitive to vielations of distributional assumptions, in this case
that data have multivariate normal distributions.

~a



The statistical properties of the maximum likelihood estimator are superior to those of
the classification estimator from a theoretical perspective. However, Millar (1990) found
that the maximum likelihood estimator enjoys no practical advantage over a
classification estimator when the number of stock groups is small. For that reason, we
wished to compare the actual performance of the two estimators with respect to Yukon
River chinook salmon applications. This report documents the design and conduct of
the simulation study, and presents summaries of the results and our findings.

SIMULATION DESIGN

Stock Standard Data

Historic stock standard data were reviewed in order to select suitable data upon which
to base the simulation study. Use of four data sets was judged sufficient to provide a
meaningful evaluation of the statistical properties of the two estimators for Yukon River
chinook applications. The primary criterion used to make a selecton was the
availability of relatively large stock standard samples for all stock groups. A secondary
criterion for selection was that a three-stock classification model had been employed
(Lower, Middle, and Upper), avoiding the cccasional data set for which a more
complicated four-stock model had been deemed necessary (Schneiderhan, 1996). Data
from age classes 1.3 and 1.4 in 1992 and 1993 were selected. The stock standard sample
sizes for these data sets are given in Table 1. The sample sizes in Table 1 differ
somewhat from those given by Schneiderhan (1994a, 1994b), but we were urable to
resolve the differences.

A large number of variables are computed from the circuli distance measurements
obtained from each fish scale, and a subset of these variables is selected for use in the
classification model (Schneiderhan, 1997). In order to provide the most straight-forward
comparison of the estimators” performance, the variables selected for use in the original
classification model from each of the four data sets (Schneiderhan, 1994a, 1994b) were
also used in this simulation. These data were used to develop standards for each of the
stock groups.

The assumptions made in developing the stock standards from each data set differed
somewhat between the two estimators. For the classification estitnator, the data were
assumed to have a multivariate normal probability distribution function (pdf).
Consistent with the original analysis of these data and the assumptions of lincar
discriminant analysis, the dispersion matrices of the three stock groups were assumed
to be equal and an estimate of the pooled dispersion matrix was used for each stock



group. Although the data were also assumed to have a multivariate normal pdf for the
maximum likelihood estimator, the dispersion matrices of the stock groups were not
assumed to be equal. It was our objective asscssment that the performance of the
maximum likelihood estimator would not degrade with unequal dispersion matrices, a«
is often the case in discriminant analysis (Seber, 1984). However, because the maximum
likelihood estimator may be more sensitive to violations of distributional assumptions,
robust estimators of a mean vector and a dispersion matrix (Campbell, 1980} were
employed to protect against the undue influence of outliers. These robust estimators are
designed to reduce the influence of extreme observations on estimates of the mean
vector and the dispersion matrix, producing estimates very similar to traditionally
computed estimates when extreme observations are not overly prevalent in the data.

Construction of Mixture Samples

The performance of the classification and maximum likelthood estimators was
examined under a variety of stock mixture proportions that cover the entire parameter
space. Mixture proportions for each stock varied from 0.0 to 1.0 in steps of 0.10, and all
possible combinations of proportions in those increments within the parameter space
were considered. Figure 2 is a ternary plot of the stock mixturcs considercd in the
simulation, with each intersection of the axes defining a single stock mixture.

Mixture samples of size 100 were constructed. This sample size was judged to be large
enough to yield reliable results, and samples of approximately this size are routinely
obtained from fishery harvests in the stock identification program. For each stock
mixture, as displayed in Figure 2, the stock mixture proportions were multiplied by the
sample size of 100 to determine the number of fish to include in the mixture from each
stock group. Mixture samples were constructed by randomly selecting the appropriate
number of fish from the stock standard data. All sampling was done with replacement.

Stock Composition Estimators

Each artificially constructed mixture sample was treated as a sample of unknown
origin, and the stock composition of the sample was estimated using both the
classification and maximum likelihood estimators. The classification estimator is based
upon lincar discriminant classification functions (Hand, 1997), with an adjusted Cook
and Lord correction (Cook and Lord, 1978). The salient features of this esiimator are
summarized above, and the technique is sufficiently conunon that further description
here is unnecessary. However, because the maximum likelihood mixture model may be
less well known, we present it here in detail. Before describing the maximum likelihood
mixture model, it is necessary to introduce some notation. Let



S = the number of stock groups in the model,

n = the number of fish in the mixture sample,

Xi = data vector of the ith fish in the mixture sample,

Hi = the stock-standard mean vector of stock group i,

¥ = the stock-standard dispersion matrix of stock group i,

f(x|1) = amultivariate normal pdf with mean p; and dispersion Zi evaluated at the

data vector x, and
T = the proportion of a mixture composed of fish from stock group i.

With that notation, the likelihood function, L, can be expressed as

L= [T mf(xlh). (1)

i~ j=1

The maximum likelihood estimate of the vector n = (n;) is the value that maximizes L.

The Simulation

The simulation was performed using a computer program written in the FORTRAN
programming language and compiled using the professional version of the Digital
Equipment Corporation! Visual FORTRAN compiler. Since the maximurn likelihood
estimator corresponding to the likelithood function in equation (1) can not be expressed
in closed form, the likelthood function was numerically maximized using the DLCONG
subroutine of the Visual Numeric? IMSL library bundled with the DEC compiler.

The simulation study consisted of randornly constructing 500 mixture samples at each
of the 66 stock mixtures considered (Figure 2) for each of the four data sets. For each of
the 500 mixture samples, the estimated stock mixture proportions obtained with the
classification estimator and the maximum likelihood estimator were written to an
output file. Three summary statistics were computed from the 500 estimates of each
stock group proportion; the average absolute bias, the standard deviation, and the root
mean squared error (RMSE). The average absolute bias was computed as the average of
the absolute value of the difference between the estimated and true stock proportion.

! Use of product names does not constitute endorsement by the Alaska Department of Fish and Game.



The standard deviation was computed as the standard deviation of the estimates. The
RMSE is a summary statistic that combines the bias and standard deviation statistics; it
is computed as the square root of the sum of the average absolute bias squared and the
standard deviation squared.

SIMULATION RESULTS

The average absolute bias summary statistics are presented in Tables 2-5, the standard
deviation summary statistics are presented in Tables 6-9, and the RMSE summary
statistics are presented in Tables 10-13. Each set of four tables presents the summary
statistics for the 1992 age 1.3, 1992 age 1.4, 1993 age 1.3, and 1993 age 1.4 simulations,
respectively. Ternary plots comparing the summary statistics across estimators and
stock groups are presented in Figures 3-14, corresponding to the data in Tables 2-13,
respectively. In each of these figures, the summary statistic plotted corresponds to
estimates of the mixture proportion for the stock group printed at the top of each
coluran of ternary plots. In the ternary plots, the area of a circle is proportional to the
magnitude of the summary statistic being plotted. Since large values of each of the
summary statistics indicate poor performance, larger circles indicate poor performance
throughout these figures.

The data in Tables 2-13, and the corresponding ternary plots in Figures 3-14, summarize
a large quantity of data, comparing the performance of the estimators throughout the
entire range of possible stock mixtures. While a detailed examination of these tables and
figures is interesting and informative, a more concise summary is also of interest. The
percentage of the simulations in which the measures of performance of the maximum
likelihood estimator were superior to those of the classification estimator for each stock
group in each data set are presented in Table 14.

CONCLUSIONS

A study of the simulation results reveals that the two estimators tend to perform
similarly with given data sets and stock mixtures. When one of the estimators performs
better or worse at a given stock mixture than at another, the other estimator tends
perform similarlv. The relatively few exceptions to this tendency generally involve the
absolute bias summary statistic and occur near the boundary of the parameter space,
e, when one of the stock groups is absent, or nearly absent. In these cases, the
summary statistic of one of the estimators is substantially larger than the statistic of the
other estimator. An example is provided by a comparison of the ternary plots for the



Lower stock group in Figure 4. The classification estimator performed poorly when the
Upper stock group comprises, say, 30% or less of the mixture and the Lower stock
group comprises from 10% to 40% of the mixture, whereas the maximum likelihood
estimator performed well at those stock mixtures.

The selection of an estimator could conceivably depend on the stock mixture. If one
estimator was consistently superior in one part of the parameter space, but the other
estimator was superior elsewhere, it would be necessary to presuppose the true stock
mixture to select the preferred estimator. Fortunately, no trend of one estimator being
consistently superior at given stock mixtures across data sets is apparent in these
results. This is advantageous in that an estimator can be selected based upon the
summary results as presented in Table 14.

[he maximum likelihood estimator was less biased than the classification estimator in 8
of the 12 combinations of data set and stock group (Table 14). However, the bias of both
estimators was relatively small for most stock mixtures in all data sets (Tables 2-13),
which implies that estimates from either estimator will be accurate on average.
However, a substantial difference in the performance of the estimators is apparent
when comparing the standard deviation and RMSE results, which are quite similar
because of the relatively small average bias enjoyed by both estimators. The maximum
likelihood estimator tends to be less variable than the classification estimator in a large
proportion of the cases (Table 14). As a result, estimates produced by the maximum
likelihood estimator can be expected to deviate less from the actual stock mixture than
estimates produced by the classification estimator. The reduced variability of the
maximum likelihood estimator is almost certainly due to the fact that the estimator fully
utilizes all information contained in the sample.

In summary, the statistical properties of the maximum likelihood estimator appear to be
superior to those of the classification estimator from both theoretical and practical
perspectives for Yukon River chinook applications. It is likely that the performance of
the estimator with the four data sets tested is indicative of the performance that can be
expected with other similar data sets. The likelihood function (Equation 1) cleanly
models the composition of a mixed stock fishery, with the parameters of the likelihood
function being the proportions of direct interest. Perhaps more importantly, the
information contained in both stock standard and mixed fishery samples is fully
utilized. The simulated performance of the maximum likelihood estimater with
observed Yukon River chinook salmon data also appears to be superior to that of the
estimator currently employed. Overall, these results appear sufficient to recommend the
adoption of the maximum likelihood estimator.
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Table1.  Stock standard sample sizes and the number
with complete records for data scts used in
the simulation.

Stock Sample Number

Year Age Group Size Complete
Lower 48 48
1992 13 Middle 67 65
Upper 127 127
Lower 62 62
1992 14 Middle 96 92
Upper 118 118
Lower 152 148
1993 1.3 Middle 132 132
Upper 178 p
Lower 185 183
1993 14 Middle 126 125
Upper 113 113




Table 7 Average absolute bins observed aver 50 simulations at sach stock mixture, Mixtuee sammpies of
10 fish wierne comatrcted by sampling with replacement from stock standard data on fish of
known stock Dﬁgin:aﬂf 1.3 Yukon River chinook salmaon in 1992,
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Talle 4.  Average absobule blss observed over 500 simulations al each stock minture. Mixiure sampies of
100 fish were constructed by sampling with replacement from stock standard data on fish of
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Table5  Average absolute bias observed over 500 simulabons at each stock mindure. Mistare samples of
1061 fish were constructed by sampling with meplacement {rom stock standard data on fish of
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Table 7,  Standard devistion sbeerved over 500 simulations al each stock midare. Mixhane samples of 100
fish were constructed by sampling with replacement from stock standard data on fish of knowa
stesck origin; age 1.4 Yukon River chinook salmon in 1992
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Table®,  Standard deviation observed over 500 simulations st each stock mixture. Modure samples of 100
fiady wrere constructed by samipling with peplacement froen stk standard data on fish of known
sbock origing age 13 Yukon River chinook salmon in 1993

Stock Mixture Classilication Estimator Macimum Likebihood Estimatar
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1000% 00% 0.0% 00552 Q.0247 056 0201 0.0001 0.0204
00% 10.0% Q0% 00423 0.0587 00320 00256 00253 0.03H
K0 0.0% l00% 0,05%4 00285 00553 LO32E .00 0 O
RO M.0% 0% 0.0E06 0.009%5 0.0320 QL0288 0.0r80 00324
AL 10.0% 10.0% 0.05278 00476 00609 (00454 0.03%7 e
s0.0% 0% 20.0% 00575 00333 00634 [.0%40 oL 0.0368
70.0% W0% 00% no4i o042 00M0 00318 0O 00
Too% X0 10.0% n.asas (L0474 0,062 0,054 00410 aas1n
T00% 10.0% 20.0% 00577 o583 0.0666 Q.0378 00T 0.0505
70.0% 00% 30.0% 0045 0O 00650 o8 00179 0
0% 40.0% Lo% sl 451 [iler x] Q.07 00346 00305
s0% 0% 10.0% LT 00506 0.a5e2 00365 20 a0a7?
H0.0% 200% 20.0% 00522 o5l QL0655 00378 023 00513
S0.0% 10.0% 30.0% LO530 00528 00724 amz2 LTtk (L0568
s00% 060% H1L0% Q51 [Ttk [T QL0405 LIZ00 {60
sn0% 5.0% % L26 72 0.a351 0,051 ol 00%65
50.0% W00% L% 00447 0052 00585 00357 WS 00sn
50.0% MO% 20L0% LLEIEE T L0595 I 04,0374 48T a3
S00% Hox 0% (L0535 563 LG 0.035% [T s L0558
50.0% 10.0% A% 04514 Qo533 0OTos 00402 MM 005aS
S0.0% 0ox 50.0% LO516 62 00713 0.(38 L0242 0455
40.0% G0 s a0 0434 L0320 00323 it 00357
A0.0% S0 100% A5 L0546 nosa7 00343 ndn 14
A0.0% 0.0 20.0% (KRR (08 {061 0,037% D518 00563
J0.0% 0% 30.0% 0450 0596 LS4 072 L0524 D008
40.0% 2000% 00k o513 (L06=k2 17 ] (L7 L1112 B iy ]
40.0% 100% Sl 00489 (0562 00751 00374 MEHSET 565
40.0% oo% a0 LT Q.05 00636 [EVETS LT E DUMST
0% TO% o JITEE S Q0468 [T 0,000 20 LA55
T a0 s (1110 g 0.058 (L0663 Q0345 MLEE 0539
wnow 50.0% 20.0% (L0436 Q0610 (LT 0,053 L0528 L0586
] 0% MU0 494 (u5a8 0720 0.0573 00557 00617
i Ho% 0% 82 Q0604 00733 0,083 LOsEd 0624
0% 20% S00% (L4580 00593 [iXee. ] 00361 535 L0600
0.0% 100% G0 465 0574 (L0749 0.0367 [ITiEEN 00597
0.0% 0% 0% 6T a5l [ s L] (L0360 L9E LMs1
HI0% ED.0% [T L3 o434 a3t 0.0307 00412 007TE
20.0% 0% 10.0% [iTicbe] 00628 00633 0.y L4AR L0526
200% 60% 00% Q26 00685 0.0745 0.0%40 L0533 0563
00% 0% 300% M 0062% amng 0.0345 00557 QUs8E
00% 400% 0% Lt [ oo 0,038 QLO5EY (L0638
200% Mo% 500% 05 DL06E0 00814 001847 OLOSE L0639
0% 0% 0% Qe 0063 00745 .0363 00545 00e22
0% 100% 0% 424 00614 0OTE2 000 00511 00595
W0 00% B0O0% ka3 00573 [Tk ) .00 00317 00458
10.0% a0 L% QLmsn (L ooz 0.0261 o420 LS
10.0% BLO% 10.0% gl LT e (L0632 0.291 (LD 00512
10.0% o 20.0% QL3R Lpes2 aan? 0.O308 [T 00558
10.0% &00% 30.0% M5 [ X1 sl [T Qoras LSRR 00633
0% S50.% 400% L34 D661 0OT45 005306 nsss 00617
1L0% 40.0% S00% 4G 00662 (X1 mzz ET? 00620
10.0% 30.0% 600% a7 DLO64E [ (005 U561 0613
10.0% 0% oK L5 L 0076 Qa3 L0582 iE) ]
I00% 10.0% B00% LT oa2d o o ns10 00588
oo s Uil g [Tt ] QLO5EY QurrE2 Qs 0353 LS
0% 100U L1815 L0266 o [1imic )] 0.0053 L5 eEi Lty
a.0% 0% 1Lir's 00308 o617 OLDe0s (LOHP) 70 00469
0.0% LT 0% (L.0M8 DLOT4R 00786 0.008% 555 005618
0.0% 0% 300% niazs I3 [1Tipp ] 0104 563 00566
0.0% 60.0% 40.0% [iXicvw) 0673 029 LS NS4 00574
0.0% SR0% SO0% 00335 L0675 QLITs1 00104 oo 0004
0.0% d0U0% 60.0% [T osa3 IS5 00113 10 0012
0% J0% FOU% [T iak] DL0ehT wdT1s 0.010% 00588 0 0586
% 20.0% B0 0350 L0656 00769 0gns 546 00,0545
0% 104% oK N [LDGES 00T 00087 00507 0.0510
% s 1% a7y Q0e00 734 00081 L6 000867




Tabk % Standand deviation observed over 500 simulations o esch stock mintaee. Misture samples of 100
fish were constructed by sampling with replacement [rom stock standard data on fish of known
stock origin; age 1.4 Yukon River chinook salman im 1993
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Table 10, Root mesn sguared error obsereed over 500 simulations at ssch stock mixture. Mixtune samples of
100 fish were conatricted by sampling with replacement from stock standarnd data on fish of

lwrwin stock origing age L3 Yukon River chinook salmon in 1902

Stock Mt Classification Estimator Maximum Likelhood Estimator
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Talde 11, Reoot mean sguared siror sbserved over 500 simulstions s each steck mixtune Mixture samples of
100 fish were constrcied by sampling with replacement from stock stamdard data on fish of
known stk ariging age 1.4 Yukon River chineok salmon in 1992
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Table 12 Kool mean squared error observed over S0 simulations at each stock mixture, Mixture samphes of
101 fishy woere constructed by sampling with replacement from stock standard data an fish of
dwrvens stock origing age 1.3 Yukon Biver chincoh salmon in 1993,

Stock Mixture Classification Estimmator Maxi Likoeldhood Esti
Lower Middl Uﬁxr Lower Muldie  Upper Linwrer Middle Upger
1000%  00% 00% Moesr 00097 00409 00266 00001 00268
90.0% 10.0% 00% 0P 0OEY 039 oS 00299 00589
900% 0.0% 10.0% 0.0542 0,043 0.0608 L0348 ooz 0,053
BO% 0% 0.0% 0.04%3 0055 O.0364 U029 00341 o011
B0 1H0% 10.0% 00528 0491 0oEn 0mes Qmse 0525
BO% 0ns 20.0% (055 00425 006446 LnAsE 00149 0,057
M 0% 0% L0437 (iR 0.00%50 [iLiarit it 00413
0% 20.0% 10.0% 00509 D049 0.0419 DO 004 0OS5E
TOo% 0% 200% 00577 00536 00687 .{380 0000 01532
ToO% 0% 30.0% 00565 00518 0.0683 [iliasal 0029 00427
60.0% 0% 00% 00442 00453 0037 00329 0416 002
60.0% 30.0% 100% 00502 00515 00614 00368 038 00508
H0.0% 0% 200% 0052 00564 0.0Es LTvesd [T R T
H0.0% 100% LTS 053 QosEF 00070 072 004 00573
s0.0% 0% 40.0°% nsalL 064 Q0780 LT 00234 0 067
50.0% S00% 00% 00435 00483 00400 0359 OMET 00469
500% $0.0% 10.0% M5 00550 00619 00360 0TS 00548
500% 30.0% 20 LT 00430 00766 0074 0041 L0565
50.0% 0% 300% Q0535 00617 00746 00401 LM77 00567
50.0% 10.0% 0% 0517 006N 00764 QiM02  0MAS 005E5
50.0% 0% 500% 0.0531 00653 00789 00388 0029 00484
400% EL0% [T L0xan [LTEES 00360 00535 (11600 0.0458
40.0% S0 100k LM L0560 0.0634 L0348 .45 0.0555
A0.0% 0% 20.0% 0502 L0625 00742 [E e 00523 {.0565
40.0% 0% 300% 490 {La51 Lilln - The) o2 00525 0,060
40,0% 20.0% A0.0% (has13 00710 0083 00378 00541 00,0609
A0.0% 10.0% S0 1.048% 00674 00830 00575 (1437 Q.0567
40.0% 0.0% G0 D487 0OFSY 00EeS 0iseY 00349 00509
300% 7i.0% [T} 00384 00504 006l ooaIn  00S1S 0 0.04%
s GhO% (TR L0452 (1558 0,065 L2345 00513 (0. 056
30,0% 50.0% 2000% 00442 0GR 0071 00353 00540 00603
300% 40.0% 300% 0505 024 0.0789 0073 Q0857 0.04617
ano% 0% A0 L0484 0.065% 0.0 D032 00553 0,024
0% 200% 50.0% 00M5% 00676 00804 00361 00s37  paso
0% 10.0% Bl0% 06465 00658 0083 00362 DM 0059
300% 0.0% FRO% (LO470 0087 00925 00360 0091 0,520
0.0% Bh0% 0% 0037 0.D4ER 00349 L9 00517 bns14
00% 70.0% 100% 00417 0ORNY O0eE9 LT 00514 00553
200% 60.0% 200% 00450 0069 00098 00340 0054 00570
00% 0% 30.0% 00486 0.0663 00792 QU8 0557 Q0587
200% 40.0% 40.0% 00451 007 00m0s 00338  DOSE4 O0ald
2000% n.0% S0.0% 04T 00747 00942 W07 nosEst (.08
0% H.0% &0.0% 00467 20741 CLOETA [iTienn 00554 00635
0% 10.0% 70.0% 0% 0DEle  DOeTR OO0 L0532 Q610
200% no% B0 00463 08B 01017 00344 010 OIS
100% 0% L1115 Q.10 0.5 00348 00261 00857 00526
10.0% £0.0% 106.0% 00429 0063 0081 0026 00516 0O53F
100% 0% 0% 0MEs  00v02 00097 0038 0EM 00sa
10no0% H0.0% 300% 0MS 0077 (0848 Lox0 00591 00636
100% 50.0% 0% 07 00683 (0Ede 00307 00589 00617
10.0% #0.0% S00% OLM&S [1Timp 005903 [ELI L] DOE7T7 QL0622
10.0% 300% 600% 0M5T 00722 00884 00305 00568 00618
10.0% 200% 0% 00455 00EM 00973 L0513 QD605 00643
100% 100% B0 s 00852 01079 oAz 00537 0.0635
100% 0% 0% 9y 00931 01157 (i) sl [ 2] 01,0544
00% 100.0% L1115 003464 01,0540 00320 00056 0447 0.0430
nox w00% 00% 024 00617 078 000% 00510 u04eF
00w BD.D% 0% o3 073 00859 000es 00565 00568
nox T0.0% 0% 0047 006%e 00500 o 00565 00566
0.0% B0% $0.0% 00446 GOEFT 00813 DO 00STS 00574
0o% 50.0% 500% 00484 00713 00532 iz 00605 L0616
0.0% 40.0% aL0% LT 0 0.0978 K1 e 00672 0.0635
0% 30.0% T0.0% [T 00778 01013 arie Q.06 (L0614
0.0% 00% BOLO% [T ] C.0A20 01124 00124 0,057 00583
0.0% 0% L H LN ] {LOHSH 0.11% 0L.00%2 0.05348 00552

0% 00%  1000% 00504 {.099] 01342 EREE 00,0480 10,0503




Table 13, Rool mean squared error observed over 500 simulations ai each stack mistine. Mixture samples of
100 fish were constructed by sampling with replacemen from stock standard data an fah of
known stock origing age 1.4 Yuken River chinook salmen in 1993,

Stock Mixture Classification Estimator Masdmum Likelibood Estimator
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Table 14.  Percent of the stock group mixtures for which the
average absolute bias (Bias), standard deviation
(S. D.), and root mean squared error (RMSE) of the
maximum likelihood estimator were superior to
those of the classification estimator.
Stock
Year Age Group Bias S:D. RMSE
Lower 83.3% 100.0% 100.0%
1992 1.3 Middle 39.4% 93.9% 56.4%
Upper 47.0%  9R24%  909%
Lower 63.6% 90.9% 89.4%
1992 14 Middle 68.2% 100.0% 100.0%
Upper 62.1%  100.0%  100.0%
Lower 80.3% 100.0%  100.0%
1993 1.3 Middle 71.2% 100.0% 93.9%
Upper 77.3% 87.9% 84.8%
Lower 39.4% 97.0% 7.0%
1993 14 Middle 30.3% 93.9% 90.9%
Upper 57.6% 100.0% 100.0%
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Figure 1. Map of the Yukon River drainage.
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Figure 2. The stock group mixtures used in the simulation.



1992 Age 1.3 Yukon River Chinook Salmon - Average Absolute Bias
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Figure 3. Average absolute bias of classification and maximum likelihood stock composition estimators. Each data point
represents the average observed during 500 simulations with the stock mixture defined by each intersection of
the three axes. The area of each circle is proportional to average absolute bias. Stock standard data were
collected from age 1.3 Yukon River chinook salmon in 1992.



1992 Age 1.4 Yukon River Chinook Salmon - Average Absolute Bias
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Figure 4. Average absolute bias of classification and maximum likelihood stock composition estimators. Each data point
represents the average observed during 500 simulations with the stock mixture defined by each intersection of
the three axes. The area of each circle is proportional to average absolute bias. Stock standard data were
collected from age 1.4 Yukon River chinook salmon in 1992.



1993 Age 1.3 Yukon River Chinook Salmon - Average Absolute Bias
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Average absolute bias of classification and maximum likelihood stock composition estimators. Each data point
represents the average observed during 500 simulations with the stock mixture defined by each inlersection of

the three axes. The area of each circle is proportional to average absolute bias. Stock standard data were
collected from age 1.3 Yukon River chinook salmon in 1993,
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Average absolute bias of classification and maximum likelihood stock composition estimators. Each data point
represents the average observed during 500 simulations with the stock mixture defined by each intersection of
the three axes. The area of each circle is proportional to average absolute bias. Stock standard data were
collected from age 1.4 Yukon River chinook salmon in 1993,



1992 Age 1.3 Yukon River Chinook Salmon - Standard Deviation
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Figure 7. Standard deviation of classification and maximum likelihood stock composition estimators. Each data point
represents the standard deviation observed during 500 simulations with the stock mixture defined by each

intersection of the three axes. The area of each circle is proportional to standard deviation. Stock standard data
were collected from age 1.3 Yukon River chinook salmon in 1992.
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Figure 8. Standard deviation of classification and maximum likelihood stock composition estimators. Each data point
represents the standard deviation observed during 500 simulations with the stock mixture defined by each

intersection of the three axes. The area of each circle is proportional to standard deviation. Stock standard data
were collected from age 1.4 Yukon River chinook salmon in 1992,
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Standard deviation of classification and maximum likelihood stock composition estimators. Each data point
represents the standard deviation observed during 500 simulations with the stock mixture defined by each

intersection of the three axes. The area of each circle is proportional to standard deviation. Stock standard data
were collected from age 1.3 Yukon River chinook salmon in 1993.
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Figure 10. Standard deviation of classification and maximum likelihood stock composition estimators. Each data point
represents the standard deviation observed during 500 simulations with the stock mixture defined by each
intersection of the three axes. The area of each circle is proportional to standard deviation. Stock standard data

were collected from age 1.4 Yukon River chinook salmon in 1993.
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Figure 11. Root mean squared error (RMSE) of classification and maximum likelihood stock composition estimators. Each
data point represents the RMSE observed during 500 simulations with the stock mixture defined by each
intersection of the three axes. The area of each circle is proportional to RMSE. Stock standard data were
collected from age 1.3 Yukon River chinook salmon in 1992.
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Figure 12. Root mean squared error (RMSE) of classification and maximum likelihood stock composition estimators. Each
data point represents the RMSE observed during 500 simulations with the stock mixture defined by each
intersection of the three axes. The area of each circle is proportional to RMSE. Stock standard data were
collected from age 1.4 Yukon River chinook salmon in 1992.



Classification Estimator

1993 Age 1.3 Yukon River Chinook Salmon - Root Mean Squared Error
Upper Stock Group Estimates

Middle Stock Group Estimates
Classification Estimator

Lower Stock Group Estimates
lassification Estimator

. B0
F "Waw 3

Lowwer Stock Group Percentags

3 1
P—’P #—p—)ﬁ—bLa’
A W i 5 @ 7D A& SO 00 a W oW W
Lower Stock Growup Fercentage Lower Siock Group Percentage
Maximum Likelihood Estimator Maxrmuim Likelihoed Estimator Maxtrmem Likelihood Estimator
& ‘w10 o
- 10 -
& -8 o0 &
-y b LR ™
o m 80 L
o W NN ;f‘ k.
£ 10 £
-

L h k)

e 50 / \ s}
zr S5 ik 50 “
o 6 7 F, 5

> __%. A0 ’3?‘6_;
7 70 AR %
Q— li} &,
a0

'_.;‘-':- !'ﬂ.‘_ 7 *-
bf—i—i—'\—r

T'k YAYETA
*%i-—‘!‘—! !—\#5# ! G >0

[
Lower Stock Group Percentage

Tas]
= B @ W0

Y AR A ATAATEN
Lower Siock Group Percentage

W XN N & =

Lower Stock Groap Percentage
Figure 13. Root mean squared error (RMSE) of classification and maximum likelihood stock composition estimators. Each
data point represents the RMSE observed during 500 simulations with the stock mixture defined by each
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intersection of the three axes. The area of each circle is proportional to RMSE. Stock standard data were
collected from age 1.3 Yukon River chinook salmon in 1993
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Figure 14. Root mean squared error (RMSE) of classification and maximum likelihood stock composition estimators. Each
data poini represents the RMSE observed during 500 simulations with the stock mixture defined by
intersection of the three axes. The area of each circle is proportional to RMSE. Stock standard data
collected from age 1.4 Yukon River chinook salmon in 1993.
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